Abstract For the prospective use as micro-Solid Oxide Fuel Cell (μ-SOFC) cathodes and for the investigation of reaction kinetics, La 1−x Sr x CoO 3 (LSCO) mixed ionic electronic conducting thin films were deposited by DC and RF sputtering onto a number of different substrate materials and characterized. Standard photolithographic and wet chemical etching methods were utilized to microstructure the LSCO films and XRD, SEM, AFM, WDS, and RBS were used to characterize their structure, topography, and chemistry. Sputtering resulted in very homogeneous and smooth thin crystalline films with Sr deficiency and submicron sized grains. Hydrochloric acid was found to readily etch LSCO with the etching quality strongly dependent on substrate material. LSCO films were most easily etched when deposited directly on silicon substrates, etched at intermediate rates when deposited on Gd:CeO 2 films, and most resistant to etching after deposition onto single crystal yttria stabilized zirconia (YSZ) substrates. Imperfect etching was attributed to interface formation and the presence of impurities.
Introduction
The rapid growth in portable electronic devices has stimulated interest in the development of compatible miniaturized high energy density power sources. In one approach, Si wafers are being considered as a platform for micro-Solid Oxide Fuel Cells (μ-SOFC) [1] and thus thin film deposition techniques, such as sputtering and pulsed laser deposition, take on special importance. Thin films not only allow for the reduction of the operating temperature (∼900˚C in traditional SOFC systems), but also allow considerable miniaturization of the entire system down to chip size dimensions. In addition, thin films are ideal vehicles for studying reaction mechanisms, since well-defined geometries can be fabricated allowing for a more systematic investigation of system kinetics. Since the cathode side of traditional SOFC systems is considered to be a major source of loss, more detailed investigations of the key candidate materials and the mechanisms limiting reaction kinetics are warranted [2] .
Lanthanum strontium cobalt oxide (LSCO) was selected as a prospective cathode material for μ-SOFC given its attractiveness as a mixed ionic electronic conductor and its high activity for oxygen reduction [3] . It is usually applied as a thick film in SOFC applications. Few reports exist on thin film deposition of ceramic SOFC materials. In particular, suitable deposition techniques for prospective industrial use, the deposition of multilayer structures, and the chemical and electrical interaction with adjacent thin films and substrates have not been investigated in detail.
Pulsed Laser Deposition, PLD, a method allowing excellent stoichiometric reproducibility between target and thin film, has been previously used to study LSCO thin film deposition [4-7] . The investigation of sputtered LSCO films has been largely restricted to the field of ferroelectrics where they find use as electrically conducting contacts under ambient conditions [8] . Sputtering is a well accepted and standardized method in industry for large scale applications and could be an attractive method for fabrication of low cost μ-SOFC. Recently, Ringuede and Fouletier examined the performance of sputtered LSCO films on YSZ pellets [9] and Klenov et al. investigated the relationship between film microstructure and electrical resistivity [10] . In most studies, LSCO films have been deposited onto MgO, SrTiO 3 , and LaAlO 3 single crystals. Only recently have YSZ single crystal substrates been used. No studies on the microstructuring of LSCO films by lithographic means are known to the best of the authors' knowledge.
In this paper, the deposition and structural characterization of sputtered LSCO thin films, integrated onto prospective SOFC electrolyte materials, such as YSZ and CGO, and suitable substrate materials are discussed. The special focus of the paper is related to the lithographic microstructuring of LSCO thin films. In another paper, we focus on the electrical and electrochemical characterization of the microstructured electrodes [11] .
Experimental procedure
Two inch diameter La 1−x Sr x CoO 3 (x = 0.5) sputtering targets were fabricated from the following starting powders: La 2 O 3 (99.99%, Alfa Aesar), SrCO 3 (99%, Alfa Aesar), CoCO 3 (99%, Alfa Aesar). The powders were weighed in the correct proportion and were then ball-milled in distilled water with a mix of 5 mm and 10 mm diameter zirconia spheres for 24 h. The slurry was dried on a hotplate and ground by mortar. The powder was then calcined at 1150
• C for 5 h in air (heating and cooling rate = 5
• C/min). After calcination, the powder was ground with a mortar and ball-milled for another 24 h in 2 weight % polyvinyl alcohol. After drying the slurry on a hotplate, the powder was ground thoroughly and sieved using 100 mesh sieve (wire diameter = 114 μm, opening 140 μm). The target was then pressed in a uniaxial press at about 62 MPa and sintered at 1250
• C for 5 h in an oxygen atmosphere (heating and cooling rate = 1
• C/min). The lateral shrinkage of the target during sintering was about 15%. Finally, the planar targets were bonded to copper backing plates using Ag paste and heat treatment at ∼200
• C for 30 min. Sputtering of LSCO was carried out in a Kurt J. Lesker sputtering system with deposition parameters for the DC and RF sputtering processes listed in Table 1 . The thin films were deposited onto a number of different substrates including: (1) a SiO 2 wafer coated with Ce 0.84 Gd 0.16 O 2−δ thin film (CGO; by RF sputtering, P = 45 W, p = 20 mTorr, Ar:O 2 = 97:3, T = 500˚C, thickness = 204 nm), (2) a Si wafer coated with 1 μm Si x N y (grown using a Vertical Thermal Reactor CVD process) and a sputtered layer of CGO (thickness ∼500 nm), and (3) YSZ single crystals with and without a sputtered CGO The LSCO thin films were microstructured by standard photolithography and wet chemical etching: First, the substrates were annealed for about 10 min at 130
• C to remove adsorbed water molecules. A thin film of Hexamethyldisilizane (HMDS) was applied at a spinning rate of 400 RPM as adhesion promoter for the photoresist. The HMDS was applied three times and the substrates were then annealed at 130
• C for about 10 min. Afterwards, the positive photoresist OCG 825-20-CS (distributed by Hubbard Hall, Waterbury, CT, USA) was spun for 6 s at 750 RPM, followed by 30 s at 2000 RPM resulting in a photoresist thickness of about 1 μm. The substrate was pre-baked at 90
• C for 30 min and then exposed under UV light (365 nm, 4 mW) for 4 s using a glass photolithography mask with the pattern structure. The photoresist was developed in OCG 934 1:1 (distributed by Hubbard Hall, Waterbury, CT, USA) for about 1 min and rinsed with deionized water. Finally, the substrate was post-baked at 130
• C for 40 min. After the photolithography process, the substrates were etched in dilute hydrochloric acid (HCl, 36.5-38%, product number: 2062-04, Mallinckrodt Chemicals, Phillipsburg, NJ, USA) which was further diluted with water typically in the ratio 1:15 = HCl : water. Etching was stopped when no residue of LSCO was detected in the etched areas under the light microscope (maximum magnification 100×).
The patterns were shaped as interdigitated electrodes (IDE) with equidistant fingers, f , and spacing, s, between 15 μm and 100 μm. This corresponded to triple phase boundary lengths, l tpb , of 171.9 cm to 25.3 cm and a constant electrode
